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The Crystal Ball at MAMI setup offers an excellent possibility to study decays of the η and η′ meson. Here,
recent results of the Crystal Ball at MAMI experiment from η meson decays are presented. Furthermore, future
perspectives of this experiment in the field of η and η′ physics are described.
1. Introduction
The decays of the η and η′ mesons provide
unique information on the understanding of low-
energy Quantum Chromo Dynamics (QCD), the
field theory of strong interaction. Since pertur-
bative QCD cannot be applied in the low-energy
region, because the strong coupling constant αs
is large, other methods like lattice QCD, chiral
perturbation theory (χPT) or model-dependent
approaches are used. These can be tested by
studying the different decay modes of the η and
η′ mesons. Especially, the decays of the η′ can
be used to probe the applicability of χPT (the
η′ mass is of the order of the chiral symmetry
breaking scale of 4pifpi ≃ 1.2GeV). Moreover,
many models and theories of hadron interaction
can be tested. One can also search for the vio-
lation of lepton–family number and place limits
on the masses and couplings of many proposed
lepto–quark families, see refs [1,2,3,4,5]. Decays
of the η and η′ are also suitable to search for vi-
olations of C, CP , and CPT invariance [6].
The high potential of this field is reflected by
the number of experiments that have been or are
currently active in η and η′ physics. At the Mainz
Microtron (MAMI) with the maximum beam en-
ergy of 1604 MeV and the Crystal Ball/TAPS
setup [7,8,9,10], a perfect environment for η and
η′ studies is given. The high statistics achiev-
able at MAMI together with the good signal-
to-background conditions makes investigations of
the η and η′ mesons especially competitive at
MAMI. Other experiments doing research in this
field are the KLOE experiment at the DAΦNE
collider, the Crystal Barrel detector at ELSA and
WASA at COSY. Also other experiments, like
BES III, CLAS and GAMS, are capable of mea-
suring η and η′ decays, but the capabilities at
MAMI–C have the potential to make MAMI the
leading research laboratory for η and η′ mesons,
at least for neutral decays.
2. Experimental Setup
The electron accelerator MAMI consists
of a cascade of three Race-Track-Microtrons
(RTM) [11]. Recently a fourth stage, a Harmonic-
Double-Sided Microtron (HDSM) [12], has been
finished. MAMI provides a very stable electron
beam (energy drift δE < 100 keV) with a max-
imum energy of E0 = 1558 MeV and an en-
ergy width of σE/E < 3 · 10
−5. High currents
(110 µA) with polarisations up to 80 % can be
achieved. Very recently a first test was successful
to operate MAMI–C with an electron energy of
E0 = 1604 MeV, which is especially important
for the production of the η′ meson as discussed
below.
At the MAMI complex three major experi-
ments are installed: the A1 experiment with four
high resolution spectrometers for electron scatter-
ing measurements, the A2–setup with the Crys-
tal Ball and TAPS detectors, as well as the A4
high-rate calorimetric detector for the measure-
ment of parity violation in elastic ep–scattering.
The MAMI accelerator is typically in operation
for about 7000 hours per year, which proves the
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Figure 1. The Glasgow photon tagging spectrom-
eter at MAMI.
high interest in hadron physics experiments at
MAMI.
Within the A2 collaboration, experiments are
performed with a real photon beam. The photon
beam for the production of the η and η′ mesons
is derived from the production of Bremsstrahlung
photons during the passage of the MAMI electron
beam through a thin radiator. The Glasgow pho-
ton tagging spectrometer [13,14] at Mainz (fig. 1)
provides energy tagging of the photons, through
Eγ = E0 − Ee− , by detecting the post–radiating
electron energy. It can determine the photon en-
ergy with a resolution of 2 to 4MeV depending on
the incident beam energy, with a single–counter
time resolution σt = 0.17ns [15]. Each counter
can operate reliably to a rate of ∼ 1MHz, corre-
sponding to a photon flux of 2.5 · 105 (sMeV)−1.
Photons can be tagged in the energy range from 5
to 93% of the incoming electron energy E0. This
means that the highest tagged photon energy, at
an electron beam energy of E0 = 1558MeV, is
Eγ ≈ 1448MeV.
The central detector system, surrounding the
liquid hydrogen target (see fig. 2), consists of the
Crystal Ball calorimeter (CB) [7,8] combined with
a barrel of scintillation counters for particle iden-
Figure 2. The detector setup: the Crystal Ball
calorimeter with cut–away section showing the in-
ner detectors and the TAPS forward wall. The in-
ner two rings of TAPS are made of PbWO4 crys-
tals.
tification. The CB is a highly segmented 672-
element NaI(Tl), self triggering photon spectrom-
eter constructed at SLAC in the 1970’s. Each ele-
ment is a 41 cm (15.7 radiation lengths) long trun-
cated triangular pyramid. They are all read out
by individual photomultipliers. The CB has an
energy resolution of ∆E/E = 0.020(E[GeV])0.36,
angular resolutions σθ of 2−3
◦ and σφ of σθ/ sin θ
for electromagnetic showers. The Crystal Ball
system is equipped with a barrel detector of 24
scintillator strips (50 mm length, 4 mm thickness
at a radius of 15 cm around the photon beam
line), which makes particle identification available
(PID).
At forward polar angles < 21◦ the TAPS detec-
tor [9,10] provides acceptance for particle detec-
tion. Hence, the full detector system, as shown in
fig. 2, is almost hermetic. The TAPS forward wall
is composed of 384 BaF2 elements, each 25 cm in
length (12 radiation lengths) and hexagonal in
cross section, with a diameter of 59mm. Every
TAPS element is covered by a 5 mm thick plastic
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veto scintillator. The single counter time resolu-
tion is σt = 0.2 ns. The energy resolution can be
described by ∆E/E = 0.018+0.008/(E[GeV])0.5.
The angular resolution in the polar angle is better
than 1◦, and in the azimuthal angle it improves
with increasing θ, being always better than 1/R
radian, where R is the distance in centimeters
from the central point of the TAPS wall surface
to the point on the surface where the particle tra-
jectory meets the detector. The 2 inner rings of
18 BaF2 elements have recently been replaced by
72 PbWO4 crystals each 20 cm in length (22 radi-
ation lengths), see fig. 2. The higher granularity
improves the rate capability as well as the angu-
lar resolution. The energy resolution of PbWO4
for photons is similar to BaF2 at room tempera-
ture [16].
3. η Physics
Since the installation of the Crystal Ball at
MAMI in 2003, several measurements on the η
have been performed. In the following section 3.1
the determination of the η mass, of the Dalitz
plot parameter α, and the branching ratio of
η → pi0γγ are shown. In sect. 3.2 future investi-
gations of the η meson are described.
3.1. Recent results
The mass of the η meson has been discussed
controversially in recent years. Before 2000, three
different experiments [17,18,19] yielded compara-
ble masses of the η meson. The PDG then used
these results to calculate a weighted mean mass
mη = (547.30±0.12)MeV [20]. In 2002, the NA48
collaboration published [21] a very precise result,
mη = (547.84 ± 0.05)MeV, which deviated sig-
nificantly from the world average reported by the
PDG. This created the motivation to repeat the
previous Mainz measurement at MAMI [19], es-
pecially after another precise measurement by the
GEM collaboration at the COSY facility [22] gave
the result mη = (547.31 ± 0.04)MeV, in agree-
ment with the old measurements of the η meson
mass.
The η mass was determined by measuring the
threshold of the reaction γp→ pη [25]. The tag-
ger microscope [26], a small focal plane detector
preliminary
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Figure 3. Total cross section for the γp→ pη re-
action compared to the measurement made with
TAPS at MAMI [19] and the prediction of the η-
MAID partial wave analysis [27]. The solid line
represents a fit to the results of Crystal Ball at
MAMI. The inset shows the linear behavior of σ2
near threshold because of the strong coupling to
the S11 resonance.
with a much higher resolution than the main fo-
cal plane spectrometer of the tagger, was used for
the first time to get the total cross section of the
reaction (see fig. 3). Then the η mass was deter-
mined from the photoproduction threshold Ethr
by
mη = −mp +
√
m2p + 2Ethrmp (1)
The preliminary MAMI result, mη = (547.76±
0.01stat ± 0.07syst)MeV, is in agreement with
the most recent η mass measurements by the
NA48 [21], KLOE [23] and CLEO [24] collabo-
rations, though it disagrees with the GEM col-
laboration result [22]. The uncertainty for the
new η mass measurement has been improved in
comparison to the previous Mainz experiment by
a factor of ∼ 3, but the two results disagree with
each other by two σ. As reason for this disagree-
ment a much better tagger energy calibration in
the new measurement and the higher resolution
of the tagger microscope were found.
At MAMI two new determinations of the Dalitz
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plot parameter, α, of the decay η → 3pi0 were per-
formed. The η → 3pi0 decay violates isospin sym-
metry. Therefore, it offers a unique possibility to
study symmetries and symmetry-breaking char-
acteristics of strong interactions. Because elec-
tromagnetic contributions to the amplitude can
be neglected [28,29,30], this decay occurs due to
the isospin breaking part of the QCD Hamilto-
nian:
H 6 I =
1
2
(mu −md)(u¯u− d¯d). (2)
Hence, the amplitude is proportional to the mass
difference mu − md of the two lightest quarks u
and d. Calculations of the decay amplitude are
usually based on the framework of χPT. Thus,
this measurement provides also a very important
test for χPT.
The squared absolute value of the decay ampli-
tude may be expanded around the centre of the
Dalitz plot:
R(z) = |A(η → 3pi0)|2 = |N |2(1 + 2αz + . . .), (3)
where N is a normalisation constant, which is
equal to the amplitude that would apply, if the
decay proceeded only according to the available
phase space. The Dalitz plot parameter, α, de-
scribes the pion energy dependence of the squared
absolute value of the decay amplitude up to first
order of the expansion. The parameter z is given
by
z = 6
3∑
i=1
(
Ei −mη/3
mη − 3mpi0
)2
. (4)
Here Ei represents the pion energies in the η rest
frame. Figure 4 shows the extraction of α from
R(z).
The two MAMI results for α were obtained
from different data sets with different electron
beam energies, Ee− = 883MeV [31] and Ee− =
1508MeV [32]. Thus, they can be considered as
independent measurements. These results, with
1.8 ·106 and 3 ·106 events, represent the two world
highest statistics for the η → 3pi0 decay. The
two totally independent values for α from MAMI
agree perfectly with each other and are consistent
with other experiments. Pure χPT calculations
Z
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Figure 4. α was obtained directly from the fit of
the function c(1 + 2αz). In the figure, R(z) has
been scaled with c so that the fitted line has an
intercept equal to 1 on the R(z)-axis.
give the wrong sign for α, which is fixed by the
experiments to be negative. Dispersion calcula-
tions give the correct sign, but differ in the abso-
lute value by several standard deviations. Only
the UCHPT approach [33] produces a Dalitz plot
parameter consistent with the experiments.
A cusp effect due to the pi+pi− → pi0pi0 rescat-
tering reaction, similar to the one observed by
the NA48 collaboration in K+ → pi+pi0pi0 [34,35],
should also appear in the η → 3pi0 decay. This
charge exchange reaction also has an impact on
the Dalitz plot parameter. According to [30] a
5% effect on α should be visible. The two re-
cent MAMI measurements [31,32] with the given
statistics did not find a significant indication for
a cusp effect.
The rare, double–radiative decay η → pi0γγ has
attracted much attention as there are large uncer-
tainties on its experimental decay width and in its
theoretical predictions. The uncertainties in χPT
calculations of the amplitude for the η → pi0γγ
transition are related to the fact that the leading
term O(p2) and the tree contributions at O(p4)
are zero as neither pi0 nor η can emit a photon.
The pion and kaon loops at O(p4) are greatly sup-
pressed due to G–parity invariance and the large
η and η′ Physics at MAMI 5
Figure 5. Invariant mass distribution for selected
pi0γγ events. Roughly 150 η → pi0γγ events sit
on a big backgrounds, stemming mainly from η →
3pi0 decays and pi0pi0 photoproduction. The solid
line shows a fit of a gaussian for the η peak plus
a polynomial for the background.
mass of the kaons, respectively. The main contri-
bution to the η → pi0γγ decay amplitude comes
from the O(p6) counterterms that are needed in
χPT to cancel various divergences. The coeffi-
cients of these counterterms are not determined
by χPT itself; they depend on the model used for
the calculation. As the η → pi0γγ decay has a
three–body final state, its Dalitz plot reflects the
decay amplitude. Thus, a complete test of χPT
with its O(p6) chiral coefficients requires an ex-
perimental measurement of both the η → pi0γγ
decay rate and the Dalitz plot.
One can see that the existing experimental re-
sults and theoretical calculations for η → pi0γγ
vary a lot. Also, strictly speaking, the agreement
between the measured and calculated decay width
is not sufficient to prove χPT calculations. Since
every calculation of η → pi0γγ makes a specific
prediction for the decay Dalitz plot, the exper-
imental measurement of this plot must confirm
the theoretical prediction, too.
Figure 5 shows the invariant mass for selected
pi0γγ events measured at MAMI. The 150 η
events sitting on a big background are by far
not sufficient to produce an informative Dalitz
plot. Also this statistics is lower than in the
recently published result of the Crystal Ball at
AGS [36], but showed a much better signal to
background ratio. Nevertheless, a preliminary
branching ratio BR(η → pi0γγ) = (2.25 ±
0.46stat ± 0.17syst) · 10
−4 was determined. The
Crystal Ball at MAMI results agrees with the
value obtained at BNL within one standard devi-
ation. Both are presently the most precise data
for this decay.
3.2. Future Perspectives in η Physics
After improving several setup components
(PbWO4 crystals in TAPS, faster read–out elec-
tronics) a new η physics program will be launched
in 2010. Within 800 hours of beam time 2.5 · 108
η mesons will be produced, giving the most pre-
cise results for many η decays. Six neutral decay
modes of the η meson will be investigated simul-
taneously. The emphasis will be on the measure-
ment of the Dalitz plot and decay spectrum of
η → pi0γγ, which was already preliminary investi-
gated (see above). About 10000 useful η → pi0γγ
events are expected. Furthermore, the Dalitz plot
of η → 3pi0 will be measured to investigate the
speculated quadratic term for R(z) and the im-
pact of the cusp at the opening of pi+pi− → pi0pi0
exchange reaction on the Dalitz plot parameter.
More than 20 · 106 η → 3pi0 events are expected,
improving the old MAMI statistics by roughly
one order of magnitude. For many C– and CP–
violating η decays only weak upper limits for the
branching ratios exist. The limits for the C–
violating η → pi0pi0γ, η → pi0pi0pi0γ and η → 3γ
decays, and the CP–violating η → 4pi0 decay will
be improved by a factor 10 with the expected
2.5 · 108 η mesons produced.
4. η′ Physics
The decays of the η′ meson have been explored
only with very limited statistics so far. For the
most prominent neutral decay η′ → ηpi0pi0, with a
branching ratio of (20.7± 1.2) %, the GAMS col-
laboration very recently published a result based
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on 15 · 103 events [37]. This represents currently
the highest available statistics for this decay. For
the η′ → 3pi0 decay with a branching ratio of
(1.54± 0.26) · 10−3 the GAMS collaboration pre-
sented the worlds highest statistics with 235± 45
events [38]. It is very important to further investi-
gate the η′ decays with high statistics. Especially,
existing experimental data on η′ photoproduction
are rather scarce.
Up to now, only tests concerning the η′ me-
son have been done with the Crystal Ball, be-
cause until the end of 2006 the maximum electron
energy available at MAMI was E0 = 883 MeV,
while the η′ photoproduction threshold is Ethr ≈
1447 MeV. In September 2009 a further increase
of the MAMI beam energy was achieved and
now the maximum electron energy lies at E0 =
1604 MeV. At that value the η′ photoproduction
cross section reaches a plateau. First test beams
at E0 = 1508 MeV and E0 = 1558 MeV showed
that η′ mesons can be identified in a clean ex-
perimental environment at MAMI, but so far the
statistics was not sufficient to obtain results with
improved accuracies. To change this, a new tag-
ging device (end–point tagger) is under construc-
tion (see sect. 4.1), which will significantly im-
prove the possibilities for η′ physics at MAMI.
Upon completion of this apparatus a huge physi-
cal program concerning the η′ will be investigated
(see sect. 4.2).
4.1. End–point Tagger
Since the η′ photoproduction threshold is at
Ethr ≈ 1447MeV, almost the full photon en-
ergy range accessible at MAMI for η′ produc-
tion is not covered by the Glasgow photon tag-
ging spectrometer (see above). Therefore, a new
tagging device (end–point tagger) is currently
constructed that will detect post–radiating elec-
trons with energies between Ee− = 10MeV and
Ee− = 150MeV. Under the defined conditions
these energies correspond to photon energies be-
tween Eγ = 1548MeV and Eγ = 1408MeV.
With the new maximum energy E0 = 1604MeV
photon energies between Eγ ≈ 1590MeV and
Eγ ≈ 1450MeV could be tagged with the end–
point tagger. Thus, at least 100MeV above the
η′ photoproduction threshold will be covered.
To study the neutral decays of the η′ meson, the
end–point tagger is essential for a clean trigger.
So far, η′ mesons were already measured with the
Crystal Ball at MAMI, but the identification re-
lied on the detection of outgoing protons, which
mostly hit TAPS. TAPS is suitable for measur-
ing photons, but the identification of protons is
not very efficient. With the end–point tagger the
detection and identification of the protons would
not be required any more, and, in addition, the
beam rate could be increased due to a more pre-
cise trigger.
4.2. Future Perspectives in η′ Physics
With the installation of the end–point tagger
and several setup improvements (PbWO4 crys-
tals in TAPS, faster read–out electronics) one of
the first high precision η′ programs in the world
will be started. Approximately 15 · 103 produced
η′ mesons per hour are expected. If the new max-
imum energy of E0 = 1604 MeV can be run re-
liably this rate will be raised by roughly another
factor two. Then all results on η′ decay channels
investigated at MAMI will outreach precisions of
older experiments by at least one order of magni-
tude.
The emphasis at MAMI will be on the investi-
gation of the main neutral decay channels of the
η′ meson. Among these is the decay η′ → ηpi0pi0.
The analysis of the η′ → ηpi0pi0 decay amplitude
is hampered by the occurrence of a cusp effect
in the pi0pi0 invariant mass spectrum, due to the
opening of the pi+pi− → pi0pi0 charge–exchange
reaction. In [39] a formalism, using η′ → ηpi0pi0
decays, has been developed to extract the pipi scat-
tering lengths a0 and a2 from a detailed study of
the shape of the Dalitz plot and the cusp. The
authors of [39] predict a cusp effect of the order
of 8%. Thus, this decay offers the possibility to
study the pipi scattering length from the shape of
the Dalitz plot, and to investigate piη interactions.
Because the energy release in the η′ → ηpi0pi0 de-
cay is small, only 141 MeV, the matrix element
can be described by the following formulae:
|M |2 = |1 + αy|2 + dx2 (5)
or
|M |2 = 1 + ay + by2 + dx2, (6)
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where x and y are the Dalitz variables and
a = 2Re(α) and b = Re2(α) + Im2(α). (7)
For the η′ → ηpi0pi0 decay Bose–Einstein symme-
try forbids a linear term in x. A non–vanishing
term cx for the η′ → ηpi+pi− channel would in-
dicate C–violation. The currently most precise
analysis of the neutral channel used 15·103 events.
At MAMI approximately 4 · 105 η′ → ηpi0pi0 use-
ful events will be measured, improving results by
more than one order magnitude.
Another neutral decay that will be examined is
η′ → 3pi0. The η′ → 3pi0 decay has a larger phase
space than the η′ → ηpi0pi0 channel, but is G–
forbidden. It still occurs as a consequence of the
G–violating mass term of the QCD Lagrangian
with BR(η′ → 3pi0) = (1.54 ± 0.26) · 10−3. The
physics of the η′ → 3pi0 decay is similar to η′ →
ηpi0pi0 and η → 3pi0. Due to final state rescat-
tering of the pions an energy dependence on the
shape of the Dalitz plot is introduced. The matrix
element for this decay can be parametrised similar
to eq. 3. So far, this decay has only been observed
by the GAMS collaboration based on 235 ± 45
events. At MAMI several thousand events of this
decay are expected.
Furthermore, it is planned to measure the
branching ratio for η′ → γγ. This ratio, in con-
junction with BR(η → γγ), allows to investigate
the SU(3) singlet–octet mixing angle. Because
each of the physical states, η and η′, has both
singlet and octet components, in a more evolved
parametrisation two mixing angles can be intro-
duced and one defines four independent decay
constants. Using this approach, it is possible to
calculate the decay widths for the η → γγ and
η′ → γγ decays, as shown in [40]. In this cal-
culation four unknown parameters (θ8, θ0, f8, f0)
appear. To determine these values one needs
additional experimental constraints as the decay
widths of the η → γγ and η′ → γγ decays. By
measuring these two decays and improving the
accuracies of the widths we can give an impor-
tant input for the determination of the mixing
angles θ8 and θ0. The uncertainty of the width
of the η′ → γγ decay, which is of the order of
10%, is currently determined by both the uncer-
tainty of the branching ratio and the uncertainty
of the total width of the η′. With the expected
40000 events in 600 hours of data taking, we will
decrease the uncertainty of BR(η′ → γγ) greatly.
Recently the KLOE collaboration published
data on the η–η′ mixing angle and a possible glu-
onium content to the η′ [41,42] determined from
R = Γ(φ→ ηγ)/Γ(φ→ η′γ). They found a non–
zero gluonium content to the η′, contrary to the
theoretical calculation in [43]. Further investiga-
tions of the η–η′ mixing scheme are needed and
precise data from experiments with the Crystal
Ball at MAMI will give important input to these
investigations.
Also in the field of η′ mesons symmetry vio-
lating decays will be investigated at MAMI. The
η′ → ηe+e−, η′ → pi0e+e− decays are forbidden
by C–invariance in first order, but allowed in sec-
ond. Another test of C–invariance is the branch-
ing ratio of the decay η′ → 3γ. The η′ → 4pi0
decays violates P– and CP–invariance. Lepton
number violation can be studied in η′ → eµ. For
all these decays it will be possible, with the ex-
pected count rates, to improve the upper limits
of the branching ratios by more than one order of
magnitude.
5. Conclusions
This proceeding described recent results from
the Crystal Ball at MAMI experiment in η
physics. A new value for the η meson mass
was determined, the Dalitz plot parameter was
extracted from the worlds greatest η → 3pi0
event samples, and a new branching ratio of the
η → pi0γγ decay was found. In near future very
interesting and important results on pipi scatter-
ing lengths, cusp effects, Dalitz plot parameters
and symmetry violations are to be expected from
high precision measurements on η and η′ mesons
at one of the leading facilities in this field, the
Crystal Ball at MAMI.
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